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Anoty g buffersd oxige sich (BOE ) 10 a surface et 14 0)
Of the water 1or betwesn 100-140 minuiaes.

Hinse the water under fIowing waler 10r a Nnnsing penod. ———

Fertonm senicalion on ihe wafer ior petweaen 5U-70 mintas, et 120
~inse the waler under ﬁﬁwin waler 1o e nnsing pencd. et 1 4()
i, T1A
TTO0E
\
Apply the BOE again 1o the surfacs .. 114503

of the water {or betweaen 10-20 saconds.

Rinse the waier under fliowing water ior the mnsing penod. {1 5{

Hertonm sonicahon on the water for pehwaan Z25-55 minutes. Shivie

Hinse the waler under Hlowing walsy for the rinsing period.

~11 80
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\

Anply & buffered oxide otch (BOE o a e 05
surface of the water 1or Detwaen 7-13 minutes. -

Hinse the wafer under flowing walsr for a rinsing period, b

SENonT SONICAlcn on e waler for pelween 120-150 Minuigs. b 1215

Hinge e water under fowing walsy 1o the nnsing penoed. e Y

(s, 13A

T3UUE

Apply the BUE again 1o the swriace e 4 QO
of the water for between 3-8 minutes ~

Hinge the walter under flowing water 1or the nnsing penod. e § B

Herform somicaton on ne water for between 10-20 minudes. e, 4 RS

Hinge e water under Howing watsy 105 the nnsing penoed. e, 4 73 A )

iz, 138

13000

Apply the BUE again 1o the swriace

1345
aof the walaer for hetween 20-80 sacongs,

Hinse the water under flowing water for the rinsing penod. 1350
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LARGE AREA SYNTHESIS OF CUBIC
PHASE GALLIUM NITRIDE ON SILICON

CLAIM OF PRIORITY

[0001] The present application claims the benefit under 35
U.S.C. § 119(e) of U.S. Provisional Patent Application No.
63/301,766 filed Jan. 21, 2022, which 1s incorporated by

reference herein.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This invention was made with government support
under Award No. DE-AR0001109 awarded by the Advanced
Research Projects Agency-Energy (ARPA-E) and under
Grant no. NSF-ECCS-16-52871 awarded by the National
Science Foundation. The government has certain rights 1n
the 1nvention.

BACKGROUND

[0003] The white light emitting diode (LED) has trans-
formed the general lighting industry since its inception,
providing a light source that 1s capable of an electrical
luminescence eflicacy of 150+ lumens/watt (Im/W), surpass-
ing the most eflicient conventional light source, which are
sodium vapor lamps, with the added benefits of better color
rendition, longer lifetime, robustness, compactness, and
more advantages.

[0004] Today, the most eflicient white LEDs are grown on
a hexagonal-phase gallium nitride (h-GaN), which emits 1n
the color blue, and a rare earth phosphor coating that
down-converts some of the blue light to yellow, green,
and/or red light. The 1ssues with this approach are threefold.
First, the down-conversion process 1s inherently ineflicient
as the photons lose some energy in the form of heat to
convert to yellow and red photons. Second, rare earth
phosphors are chemically unstable and add significant raw
material and packaging cost (20%) to the device. Third, the
blue LEDs sufler from efliciency droop, 1n which etliciency
drops from greater than 75% under low power density
operation (e.g., less than 10 ampere (A)/square centimeter
(cm?)) to less than 20% under high power density operation
(e.g., greater than 100 A/cm”).

[0005] With this inherent limitation of the semiconductor,
h-GaN limits the exploitation of the LEDs. For example, to
have more light output, more or larger LED chips are
required to maintain an acceptable efliciency, and the cost
correspondingly increases. These disadvantages of h-GalN-
based semiconductors hinder the widespread adoption of
LED for general lighting purposes as the upiront cost is
often prohibitively high, which makes solid-state lighting
(SSL) economically feasible only with the uncertain subsi-
dies that are offered by the manufacturer or government.

[0006] Neither indium-gallium-nitride (InGaN) nor alumi-
num gallium indium phosphide (AlGalnP)-based LEDs
have high efliciency in the green spectrum, creating the
so-called “green gap.” Eye sensitivity peaks 1n the green
spectrum; thus, lack of use of green LEDs in white lighting
generation 1mpacts not only energy efliciency but also our
health. LEDs 1in SSL applications operate under high current
density where they generate more heat than light. This drop
in efliciency with increasing current density 1s called “efli-
ciency droop.”
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BRIEF DESCRIPTION OF THE DRAWINGS

[0007] A more particular description of the disclosure
briefly described above will be rendered by reference to the
appended drawings. Understanding that these drawings only
provide information concerning typical embodiments and
are not therefore to be considered limiting of its scope, the
disclosure will be described and explained with additional
specificity and detail through the use of the accompanying
drawings.

[0008] FIG. 1A 1s a simplified representation of a silicon
layer (or waler) having a crystal orientation mm a (100)
direction.

[0009] FIG. 1B 1s a top view of the silicon layer (or water)
depicted i FIG. 1A illustrating semiconductor patterning
directions and axes of the silicon crystal according to
various embodiments.

[0010] FIG. 2A, FIG. 2B, FIG. 2C, FIG. 2D, FIG. 2E, and
FIG. 2F are processing step diagrams 1llustrating a method
for manufacturing a Group Ill-nitride (e.g., gallium nitride
(GaN)) device according to at least some embodiments.
[0011] FIG. 3 1s a cross-section view of a completed
Group IlI-nitride device according to some embodiments.
[0012] FIG. 4 1s a diagram of a cross-section view of a
GaN portion of a GaN device according to some embodi-
ments.

[0013] FIG. 5 15 a flow chart of a method for large area
synthesis fabrication of cubic GaN (c-GaN) on silicon
according to some embodiments.

[0014] FIG. 6A, FIG. 6B, FIG. 6C, FIG. 6D, and FIG. 6E
are a series of cross-section views ol large area synthesis
fabrication of c-GaN layers together with corresponding
fabrication operations according to at least some embodi-
ments.

[0015] FIG. 7A 1s a cross-section view ol a U-shaped
groove etched into a silicon layer and having sidewalls
formed from patterned oxide according to at least one
embodiment.

[0016] FIG. 7B is a scanning electron microscope (SEM)
image ol a top view of multiple parallel-oriented U-shaped
grooves such as the U-shaped groove of FIG. 7A according
to at least some embodiment.

[0017] FIG. 7C 1s a SEM 1mage of a cross-section view of
several of the multiple U-shaped grooves illustrated 1n FIG.
7B according to at least one embodiment.

[0018] FIG. 8A 1s a cross-section view of a waler having
several GaN-based strips epitaxially grown (as i FIGS.
6D-6E) within the U-shaped grooves according to at least
one embodiment.

[0019] FIG. 8B 1s an SEM 1mage of a cross-section view

of the wafer of FIG. 8A according to at least one embodi-
ment.

[0020] FIG. 8C 1s an SEM mmage of a top view of the
waler of FIG. 8A according to at least one embodiment.
[0021] FIG. 9A 15 a cross-section view of a c-GaN strip
grown within a U-shaped groove and illustrating direction-
ality of an underlying h-GaN strip and Si-based interfaces
according to at least one embodiment.

[0022] FIG. 9B 1s an SEM 1mage of a top view of multiple
c-GaN-grown strips with U-shaped grooves such as 1llus-
trated 1n FIG. 9A according to at least one embodiment.

[0023] FIG. 9C 1s an SEM image of a cross-section of

several of the multiple c-GalN-grown strips within U-shaped
grooves such as illustrated i FIG. 9A according to at least
one embodiment.
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[0024] FIG. 10A 1s an atomic force microscopy (AFM)
image of a zoomed-in surface topography of defects of
several c-GalN-grown strips according to an embodiment.
[0025] FIG. 10B 1s a further zoomed-1n surface topogra-
phy of a single c-GaN-grown strip according to an embodi-
ment.

[0026] FIG. 10C 1s a plan-view transmission electron
microscopy (plan-view TEM) image of a zoomed-in surface
topology of several ¢c-GaN strips according to an embodi-
ment.

[0027] FIG. 11A 1s a flow chart of a first series of opera-
tions for removing low-temperature, aluminum nitride (L1-
AIN) from the c-GaN-grown strips according at least one
embodiment.

[0028] FIG. 11B 1s a flow chart of a second series of
operations from removing the LT-AIN from the c-GalN-
grown strips according to at least one embodiment.

[0029] FIG. 12A 1s a cross-section view of a waler having
c-GaN-grown strips after the LIT-AIN has been at least
partially removed according to at least one embodiment.
[0030] FIG. 12B 1s an SEM image of a cross-section view
of the water of FIG. 12A according to at least one embodi-
ment.

[0031] FIG. 12C 1s an SEM image of a top view of the
waler of FIG. 12A according to at least one embodiment.

[0032] FIG. 13A 1s a flow chart of a first series of

operations for removing L'T-AIN and patterned oxide formed
between the multiple c-GaN-grown strips according to at
least one embodiment.

[0033] FIG. 13B 1s a flow chart of a second series of
operations for removing L'T-AIN and patterned oxide formed
between the multiple c-GaN-grown strips according to at
least one embodiment.

[0034] FIG. 13C 1s a flow chart of a third series of
operations for removing L'T-AIN and patterned oxide formed
between the multiple c-GaN-grown strips according to at
least one embodiment.

[0035] FIG. 14A 1s a cross-section view of a waler having
several of the c-GaN-grown strips after removal of the
LT-AIN and patterned oxide according to FIGS. 13A-13C

according to at least one embodiment.

[0036] FIG. 14B 1s an SEM image of a cross-section view
of the water of FIG. 14A according to at least one embodi-
ment.

[0037] FIG. 14C 1s an SEM 1mage of a top view of the
waler of FIG. 14A according to at least one embodiment.
[0038] FIG. 15A 15 a first set of operations for removing
LT-AIN, patterned oxide, and h-GalN from the c-GaN-grown
strip layers according to at least one embodiment.

[0039] FIG. 15B1s a second set of operations for removing
LT-AIN, patterned oxide, and h-GaN from the c-GaN-grown
strip layers according to at least one embodiment.

[0040] FIG. 16A 1s a cross-section view of a waler having
several of the c-GaN-grown strips after removal of the
LT-AIN, patterned oxide, and h-GalN according to FIGS.
15A-15B according to at least one embodiment.

[0041] FIG. 16B 1s an SEM image of a cross-section view
of the water of FIG. 16 A according to at least one embodi-
ment.

[0042] FIG. 16C 1s an SEM 1mage of a top view of the
waler of FIG. 16A according to at least one embodiment.
[0043] FIG. 17A 15 a plan-view TEM 1mage of a top view
of multiple c-GaN-grown strips as discussed herein 1llus-
trating that the c-GaN-grown strips are substantially free of
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threading dislocations and that has stacking faults with a
density of 3.60+/-0.4x10° cm™, according to various
embodiments.

[0044] FIG. 17B 1s a plan-view TEM 1mage of a zoom-1n,
boxed portion of the top view of FIG. 17A according to at
least one embodiment.

[0045] FIG. 17C 15 a plan-view TEM 1mage of a zoomed-
in, boxed portion of the top view of FIG. 17B according to
at least one embodiment.

[0046] FIG. 18 1s a SEM 1mage of a zoomed-1n portion of
a c-GalN-grown strip illustrated more particularly and that
has a facet density that 1s between approximately between
3-4x10% per centimeter (cm) according to at least one
embodiment.

[0047] FIG. 19 1s a perspective view ol an LED stack
formed from multiple GalN-based structures formed as dis-
cussed herein according to at least one embodiment.
[0048] FIG. 20 1s a laser diode formed from at least one
(GaN-based structure formed as discussed herein according
to at least one embodiment.

DETAILED DESCRIPTION

[0049] By way of introduction, the present disclosure
secks to resolve the above-discussed deficiencies 1n the
current state of the art by efliciently providing blue-based.,
yellow-based, green-based, and red-based LEDs and asso-
ciated devices by arranging the GalN atoms in a more
symmetric and 1sotropic cubic phase (c-GaN) using semi-
conductor manufacturing technologies. In this highly-sym-
metric configuration, which eliminates the polarization
fields that stems from the asymmetry 1n h-GaN, the positive
carriers (holes) and negative carriers (electrons) can traverse
through the semiconductor to the quantum well active
regions with ease to produce photons even under high power
density operation. The inherently smaller bandgap energy
(e.g., 3.2 electron volts) of c-GaN allows c-GaN-grown
strips to emit in the green part of the visible spectrum more
ciiciently than does h-GaN. The disclosed technology
herein will detail processes by which ¢-GalN arrays can form
large scale uniform patterns, which can be implemented to
manufacturing aflfordable LEDs at scale.

[0050] Specifically, the disclosed solutions offer inexpen-
sive and scalable engineered substrates for the solid-state
lighting (SSL) and emerging radio frequency (RF) and
power electronics, including GaN-based sub-micron transis-
tors. The disclosed GaN-based devices may be integrated
within GalN photonics using silicon electronics. Moreover,
such GaN/S1 technology oflers excellent waveguides and
enables GaN-on-S1 (or GaN-on-SOI) photonics as a natural
cleavage plane occurring for cubic phase GaN on S1 (100).
In this respect, the implications of the localized GalN-on-Si
epitaxy results are diverse and very motivating for GaN—Si
community, ranging from visible LEDs, laser diodes, and
existing transistors.

[0051] The total addressable GaN substrate market was $4
billion in 2020 and should surpass $5.18 billion by 2023
with a healthy cumulative average growth rate of about 10%
until 2027. The 4-inch substrate segment dominated 1 2016
and was valued at $381.9 million alone. The market for
4-inch GaN walers 1s expected rise because of 1ts applica-
tions 1 power and RF devices and LEDs. Multiple various
end users include automotive, healthcare, general lighting,
consumer electronics, military communications, and optical
storage. LED, laser, and power electronic devices, and RF
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are the major end users of GaN substrates and hold tremen-
dous opportunity in near future. The GaN semiconductor
device market 1s growing with a cumulative average growth
rate of about 10% and will be approximately $25 billion by
2023. The major factors that are expected to drive the market
are the wvast addressable market for GalN 1n consumer
clectronics and automotive, wide bandgap property of GaN
material encouraging innovative applications, success of
GaN 1n RF power electronics, and increasing adoption of
GaN RF semiconductor device i military, defense, and
aerospace applications.

[0052] FIG. 1A 1s a simplified representation of a silicon
layer (or wafer) having a crystal orientation m a (100)
direction. A top surface of such a “(100) water” 1s the (100)
crystal plane of silicon. Although the GaN-based strips are
employed with reference to S1 layers for purposes of epi-
taxial growth, the disclosed methods, components, and
devices that employ the disclosed c-GaN layers can be built
on a buried substrate that can vary in material. For example,
the buried substrate can be composed of (e.g., comprising)
at least one of silicon, a silicon-based oxide, or a dielectric,
and can include silicon on mnsulator (SOD.

[0053] FIG. 1B 1s a plane view of the silicon layer (or
waler) depicted 1 FIG. 1A illustrating semiconductor pat-
terming directions and axes of the silicon crystal according to
various embodiments. The disclosed patterns, which will be
discussed 1n some detail, generally follow a specific direc-
tion. One aspect of the present disclosure 1s to form the
exposed S1 [111] facets on S1 [100] substrates. The actual
pattern lines are generally vertical to a wafer primary flat
102, which 1s the flat of the longest length located in the
circumierence of the waler. The primary flat 102 has a
specified crystal orientation relative to the walfer surface. An
optional secondary flat (not shown) indicates the crystal
orientation and doping of the wafer for patterning.

[0054] In this disclosure, according to at least some
embodiments, the wafer primary flat is of the {110} direc-
tion family so the pattern lines (e.g., oxide lines or cubic
GaN formation) is also of the {110} family with one
direction reversed only. In one 1nstance, 11 the water primary
flat 102 1s 1 [110] direction, the pattern lines can be formed
in the [110] direction, as illustrated, or of course in the [110]
direction as these can be understood as being i1dentical for
the present processes.

[0055] FIG. 2A, FIG. 2B, FIG. 2C, FIG. 2D, FIG. 2E, and
FIG. 2F are processing step diagrams 1illustrating a method
for manufacturing a Group Ill-nitride (e.g., galllum nitride
(GalN)) device according to at least some embodiments. As
illustrated 1n FIG. 2A, the method 200 may begin with a
substrate such as silicon (100) (S1), although other substrates
(100) are also suitable as would be apparent to one skilled
in the art. For example, as illustrated, a water 201 may
include a buried substrate 204 and a silicon (S1) layer 206
disposed (e.g., deposited) on top of the buried substrate 204.
In some embodiments, the buried substrate 1s silicon (S1),
and thus the entire water, 1s a silicon water. In other
embodiments, the buried substrate 204 1s an insulator such
as silicon-based oxide or a dielectric, thus generating a
silicon-on-1nsulator (SOI) substrate. Other materials can be
employed as the buried substrate 204 of the watfer 201, as
would be apparent to those skilled 1n the art.

[0056] As illustrated in FIG. 2B, the method 200 may
continue with disposing (e.g., depositing) an oxide layer 210
(such as silicon dioxide (S10,) or other suitable dielectric
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(such CMOS-compatible dielectrics, deposited at high tem-
peratures with dry oxidation) on the S1 layer 206. As
illustrated 1n FIG. 2C, the method 200 may continue with
patterning the oxide layer 210 to a desired shape, e.g., for
location of U-shaped grooves, forming a part of a disclosed
(GaN-based device. Thus, the oxide layer 210 may also be
referred to herein as the patterned oxide.

[0057] As illustrated in FIG. 2D, the method 200 may
continue with etching the S1 layer 126 exposed under the
patterned oxide. The etching may occur preferentially in a
way such as to create silicon sidewalls of the (111) direction
holding up the patterned oxide layer, yet still retaining a
bottom portion (100) of the buried substrate 204, thus
defining a U-shaped groove. Such etching may be performed
with potassium hydroxide (KOH), for example, which
attacks the silicon sidewalls (111), until leaving the angled
faces within the U-shaped grooves.

[0058] As illustrated in FIG. 2E, the method 200 may
continue with deposition of a buller 214 such as aluminum
nitride (AIN) or aluminum nitride silicide (AINS1) over the
patterned dielectric and the etched, U-shaped grooves. The
bufler 214 may, therefore, bury the patterned dielectric and
provide a surface on which the Group IlI-nitride material,
such as the disclosed h-GaN, may be grown.

[0059] As illustrated 1n FIG. 2F, the method 200 may
continue with deposition of the Group Ill-nitride matenal,
¢.g., h-GalN as provided by way of example herein, within
the U-shaped grooves. The deposition of h-GaN can be
performed via epitaxial growing of the h-GaN off of the
silicon sidewalls (111) within the U-shaped grooves, and
combines at merged growth fronts in the middle of the
U-shaped grooves at about an angle of 109.5° (see FIG. 4).
At the location of intersection or merging of these growth
fronts, the h-GaN walls turn into cubic GaN (c-GaN),
gradually building more c¢c-GaN area as the h-GaN reduces
and becomes buried and the c-GaN grows into triangle-
shaped strips having a flat side along a surface of the water
201. The tnnangle-shaped strips may also generally include a
vold 220 formed below the intersection of the h-GalN growth
fronts.

[0060] In some embodiments, accounting for dimensions,
including Group IlI-nitride deposition thickness, allows the
present method 200 to control the amount of c-GaN growth
such that the c-GalN completely covers the h-GaN on which
the c-GalN 1s grown. This allows for exposure of a non-
polarized surface using inexpensive CMOS processing
steps. As will be seen, undergrowth or overgrowth may
occur when not knowing ahead of time the proper thickness
of the deposited gallium nitride at which deposition should
cease. This undergrowth or overgrowth may generally be
ummportant due to the wet etching operations that follow to

form the finalized substrates as will be explained in more
detail.

[0061] FIG. 3 1s a cross-section view of a completed
Group IlI-mitride device 300 according to some embodi-
ments. In some embodiments, the device 300 includes two
U-shaped grooves, where one of the U-shaped grooves 1s
marked with ideal dimensions, including a width or period
(p) of the opening, an etch depth (t ) of the silicon (100), and
a disposition or growth thickness (h) of the Group IlI-nitride
above the Si layer 206. Where the h-GaN merges ofl the
silicon sidewalls (111) along the bufller portion on top of the
buried substrate 204, the void 220 1s formed that generally
1s shaped as a triangle.
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[0062] Because these dimensions are controllable, the
width of the opening of the U-shaped grooves and the etch
depth may be known or approximated 1n advance. Accord-
ingly, the deposition thickness (h) of the Group-III nitride
(such as GaN) may be predetermined as being proportional
to a diflerence between the width (p) of the opening of the
U-shaped grooves and an etch depth (t,) of the U-shaped
grooves. With the deposition thickness (h) predetermined,
the manufacturing process may be controlled to deposit only
a certain amount of the Group IlI-nitride suflicient to reach
about that thickness, h, although the thickness may vary
more or less than h 1n the present embodiments due to the
ability to wet etch afterwards.

[0063] FIG. 4 1s a diagram of a cross-section view of a
GalN portion of a GaN device according to some embodi-
ments. In some embodiments, the phase transition between
hexagonal gallium nitride (h-GaN) and cubic gallium nitride
(c-GaN) occurs when the middle of the GaN(0001) or
h-GaN growth fronts from the silicon sidewalls (111) merge.
After a transition area, the c-GaN 1s grown upwards from
these h-GaN growth fronts, 1llustrated as an mverted dotted
triangle, gradually becoming bigger until completely cov-
ering the h-GaN growth happening below the inverted
triangle. The crystal orientation at the different interfaces
between the h-GaN underlying the c-GaN are likewise
illustrated, e.g., where the GaN(0001) transitions to the
GaN(111) along the bottom sides of the triangle-shaped
c-GaN strips. The angle between lower h-GaN growth fronts
can be formed at approximately 109.48°, by nature of the
crystal orientation of the two h-GaN growth fronts meeting.

[0064] FIG. S 1s atlow chart of a method 500 for large area
synthesis fabrication of cubic GaN (c-GaN) on silicon
according to some embodiments. FIG. 6A, FIG. 6B, FIG.
6C, FIG. 6D, and FIG. 6F are a series of cross-section views
of large area synthesis fabrication of ¢c-GaNlN layers together
with corresponding fabrication operations according to at
least some embodiments. The method 500 can be performed
using standard semiconductor deposition and etching tech-
niques, €.g., i complementary metal-oxide-semiconductor
(CMOS) processing technology, as will be explained. In
some embodiments, therefore, at least some of the opera-
tions of the method 500 are controlled by a controller or
processing device that interacts with the processing equip-
ment, including with a metal organic chemical vapor depo-
sition (MOCVD) reactor that 1s employed to perform epi-
taxial growth of h-GaN that forms the c-GaN 1n the
disclosed substrates and devices.

[0065] Although shown in a particular sequence or order,
unless otherwise specified, the order of the operations can be
modified. Thus, the illustrated embodiments should be
understood only as examples, and the illustrated operations
can be performed 1n a diflerent order, while some operations
can be performed in parallel. Additionally, one or more
operations can be omitted 1 some embodiments. Thus, not
all 1llustrated operations are required 1n every embodiment,
and other process tlows are possible.

[0066] In at least some embodiments, the method 500
begins at operation 505 with inserting a wafer into the
MOCVD reactor. The waler includes multiple U-shaped
grooves (see FIG. 6A and FIGS. 7TA-7C) with bottoms
formed at least partially within a silicon layer and sidewalls
tformed within an oxide layer. For example, the silicon layer
can be the Si1 layer 206 and the silicon sidewalls are those
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silicon sidewalls (111) of FIGS. 2A-2F. The MOCVD reac-
tor can provide means for epitaxial growth of the c-GalN.

[0067] At operation 510, the method 500 continues with
optionally setting an 1nitial pressure and an 1nitial tempera-
ture of the MOCVD reactor 11 not already at target tempera-
ture and pressure levels for semiconductor processing. For
example, the method 500 can include reducing a pressure of
the MOCVD reactor to at least 50 millibar (mbar), increas-
ing a temperature of the MOCVD reactor to at least 1000°
C., and allowing a dwell time to pass of between 8-12
minutes, e.g., approximately 10 minutes. This operation may
be referred to as high-temperature desorption as illustrated

in FIG. 6A.

[0068] At operation 515, the method 300 continues with
decreasing the imitial temperature for builer deposition, e.g.,
to between 900-1000° C. (e.g., 990° C.). At operation 520,
the method 500 continues with depositing a bufler layer on
top of the oxide layer and the multiple U-shaped grooves.
For example, operation 520 can include pre-aluminization of
the water for 20-35 seconds (e.g., 30 seconds) followed by
the flow of ammomnia (NH,) into the MOCVD reactor to
ogrow low-temperature (L'T) aluminum nitride (AIN) film as
the bufler layer. See “Low-Temp Deposition” i FIG. 6B,
e.g., the TMAI 1s introduced at 7.5 standard cubic meters per
minute (sccm) (or about 5.72 umol/min~") and ammonia is
introduced at 500 sccm (or about 22 mmol/min~') for

between 35-40 minutes (e.g., about 37 minutes) at a pressure
of 50 mbar.

[0069] At operation 525, the method 500 continues with
increasing a pressure and a temperature of the MOCVD
reactor for epitaxial growth of gallium-nitride (GaN) on the
bufler layer, e.g., to an increased pressure and an increased
temperature. Increasing the temperature of the MOCVD
reactor for the epitaxial growth of the GaN and include
increasing the temperature to between 1050-1130° C. (e.g.,
to 1090° C.). Increasing the pressure of the MOCVD reactor
for the epitaxial growth of the GaN can include 1ncreasing
the pressure to between 100-410 mbar (e.g., 400 mbar) for
a short time of between 2-5 minutes (e.g., about 3 minutes
or similar period of time). See “Annealing of LT-AIN” 1n
FIG. 6C, e.g., causing the bufler layer to be annealed via
exposure to the increased temperature.

[0070] At operation 530, the method 500 continues with
causing trimethylgallium (TMGa) or triethylgallium (TEGa)
and ammomnia to be mtroduced to the MOCVD reactor for a
first time period to cause the GaN to be grown on at least a
set of silicon sidewalls (111) of the bottoms of the U-shaped
grooves. In some embodiments, the first time period 1is
between 3-7 minutes (e.g., about 5 minutes or other similar
period of time). In some embodiments, the TMGa or TEGa
1s introduced at 10 sccm (or about 49.5 umol/min—-1) and the
ammonia 1s introduced at 9000 sccm (e.g., about 401 mmol/
min~") while at the 340-410 mbar pressure, within 15% of
variation. This can be understood as step_1 of the epitaxial
growth 1llustrated 1n FIG. 6D.

[0071] At operation 535, the method 500 continues with
optionally stopping flow of the TMGa or TEGa into the
MOCVD reactor. At operation 540, the method 500 contin-
ues with optionally decreasing the temperature of the
MOCVD reactor by between approximately 1-10 percent,
e.g.,to 1010° C., 1030° C., or 1050° C. 1n diflerent embodi-
ments. In some embodiments, operations 5335 and 540 can be
considered a pause 1n growing the GalN 1n operation 530,
and can involve different adjustments to the pressure and/or




US 2023/0238246 Al

temperature of the MOCVD reactor to prepare the MOCVD
reactor for optimum c-GalN growth. In other embodiments,
the pause involves stopping tlow of the TMGa or TEGa 1nto
the MOCVD reactor without adjustments to the temperature
and pressure 11 the latter are already sufliciently or substan-
tially optimum.

[0072] At operation 545, the method 500 continues with
causing the TMGa to be remtroduced into the MOCVD
reactor for a second time period that 1s longer than the first
time period and during which hexagonal gallium nitride
(h-GaN) growth transitions to cubic gallium nitride (c-GaNN)
at tops of the U-shaped grooves. In one embodiment, the
second time period 1s between 25-40 minutes (e.g., 30
minutes). In these embodiments, TMGa or TEGa continues
to be introduced at 10 sccm (49.5 umol/min-1) and the
ammonia introduced at 9000 sccm (401 mmol/min~") while
at the 340-410 mbar pressure, for example, within 15% of
variation. This can be understood as Step-2 of the epitaxial
growth 1illustrated in FIG. 6E.

[0073] In various embodiments, operations 505 through
545 can make the h-GaN oxidized by the oxide layer,
making the h-GalN wet-etchable. The wet-etchability of the
h-GalN will be exploited later on 1n this disclosure to modify
these grown structures for performance due to clean sym-
metry of the c-GaN structures. After the growth of c-GaN,
the top coverage of ¢-GalN seems dependent on the geometry
of U-shaped groove, however, 1t 1s possible to get a 100%
c-GaN top surface without following the etch depth and
other parameters of the U-shaped groove very accurately.

[0074] FIG. 7A 1s a cross-section view of a U-shaped
groove etched into a silicon layer and having sidewalls
formed from patterned oxide according to at least one
embodiment. The structure of the U-shaped groove 1is
marked with similar dimensions as 1llustrated with reference
to FIG. 3, where h_ 1s the critical GaN deposition thickness
(defined as the GaN deposition height above S1 layer (100)
that maximizes cubic phase GaN coverage on the U-groove
surface), t, 1s the etch depth, p 1s the opening width, and a
1s the oxide sidewall angle. As illustrated, in at least one
embodiment, one of the silicon sidewalls has an orientation
of {111} (where the “{” bracket indicates a family of planes)
and another of the silicon sidewalls has an orientation of {
111}. Further, the orientation of coordinate sides of the
buried substrate is illustrated by way of example.

[0075] FIG. 7B is a scanning electron microscope (SEM)
image ol a top view of multiple parallel-oriented U-shaped
grooves such as the U-shaped groove of FIG. 7A according
to at least some embodiments. FIG. 7C 1s a SEM image of
a cross-section view of several of the multiple U-shaped
grooves 1llustrated in FIG. 7B according to at least one
embodiment.

[0076] FIG. 8A 1s a cross-section view of a water 800
having several GalN-based strips 815 epitaxially grown (as
in FIGS. 6D-6E) within the U-shaped grooves according to
at least one embodiment. In at least some embodiments, the
watler 800 includes a buried substrate 804 and a first layer of
silicon (100) 806 disposed on the buried substrate. The first
layer of silicon 806 may include silicon sidewalls (111) at an
angle to the buried substrate 804 that form a bottom of each
of multiple U-shaped grooves. A second layer of patterned
oxide 810 1s disposed on the silicon (100) that provide
vertical sidewalls 812 of each U-shaped groove and which
are formed within the first and second layers of the wafer
800. A third layer of a buller 814 covers the buried substrate
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804, the silicon sidewalls (111) of the first layer and the
second layer, including within the U-shape groves. Multiple
gallium nitride (GaN)-based structures 815 are disposed on
the third layer within the multiple U-shaped grooves, the
multiple GaN-based structures 815 each including cubic
gallium nitride (c-GaN) material 819 formed at merged
growth fronts of hexagonal gallium nitride (h-GaN) material
817 that extend from the silicon sidewalls (111). In some
embodiments, this c-GaN material 819 are c-GaN-grown
strips 819.

[0077] In these embodiments, the buried substrate 804 1s
one of silicon, a silicon-based oxide, or a dielectric, the
patterned oxide 810 includes one of silicon dioxide or
silicon nitride oxide, and the bufler 814 includes one of
aluminum mitride and aluminum silicide. In at least some
embodiments, an upper layer of the c-GaN (e.g., c-GalN-
grown strips 819) 1s parallel to the first layer, 1s substantially
free of threading dislocations, and includes one or more
stacking faults. In some embodiments, a facet density of the
c-GaN 819 is between approximately 3-4x10” per centime-
ter. In disclosed embodiments, the facet density refers to a
density of atomic-layer transitions within the same matenal,
here specifically the c-GaN layer of strips.

[0078] FIG. 8B 1s an SEM 1mage of a cross-section view
of the wafer 800 of FIG. 8A according to at least one
embodiment illustrating the GalN-based structures 815. FIG.
8C 1s an SEM 1mage of a top view of the water 800 of FIG.
8A according to at least one embodiment, illustrating the

(aN-based structures 815.

[0079] FIG. 9A 15 a cross-section view of a c-GaN strip
919 grown within a U-shaped groove and 1llustrating direc-
tionality of an underlying h-GaN strip 917 and Si-based
interfaces according to at least one embodiment. For
example, the h-GaN strip 917 1s oriented 1 a [0001] by
[1010] direction along a <1120> direction (into the page).
The silicon sidewalls of the U-shaped groove are oriented 1n
a family plane of {111} and {111} from left to right,
respectively, while a bottom of the U-shaped grooves 1s
oriented in a silicon plane of {100}, as was discussed
previously. While the S1 layer (100) 1s illustrated separated
from the buried substrate, as discussed previously, these two
layers can be combined as a unified Si substrate 1n some
embodiments. FIG. 9B 1s an SEM 1mage of a top view of
multiple c-GaN-grown strips 919 with U-shaped grooves
such as illustrated 1 FIG. 9A according to at least one
embodiment. FIG. 9C 1s an SEM 1mage of a cross-section of
several of the multiple grown c-GaN-grown strips 919
within U-shaped grooves such as illustrated in FIG. 9A
according to at least one embodiment.

[0080] FIG. 10A 1s an atomic force microscopy (AFM)
image ol a zoomed-in surface topography of defects of
several etched c-GaN-grown strips 1019 according to an
embodiment. FIG. 10B 1s a further zoomed-in surface topog-
raphy of a single ¢c-GaN-grown strip 1019 according to an
embodiment. FIG. 10C 1s a plan-view transmission electron
microscopy (planview TEM) image of a zoomed-1in surface
topology of several ¢c-GaN-grown strips 1019 according to
an embodiment. In some experimental results, the facet
density went from >10° per cm for c-GaN grown on
3C—SiC to <10 per cm if grown on as in the present
disclosure on a Si1 layer, including a buried substrate, as
described. This is three orders, at 10°, of improvement
compared to the previous 10° if on 3C—SiC.
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[0081] FIG. 11A 1s a flow chart of a first series of opera-
tions 1100A for removing low-temperature, aluminum
nitride (LT-AIN) from the c-GalN-grown strips according at
least one embodiment. The operations 1100A can be per-
formed using standard semiconductor deposition and etch-
ing techmiques, e.g., in complementary metal-oxide-semi-
conductor (CMOS) processing technology, as will be
explained. In some embodiments, therefore, at least some of
the operations 1100A are controlled by a controller or
processing device that interacts with CMOS processing
equipment.

[0082] The operations 1100A may begin with a wafer
having multiple U-shaped grooves in which are grown
gallium-nitride (GaN)-based structures, the multiple
U-shaped grooves including a patterned oxide layer and a
bufler layer disposed on the patterned oxide layer. The
operations 1100A may designed to perform a wet etch of the
waler to partially remove the bufler layer. In some embodi-
ments, performing the wet etch causes the buller layer to be
removed from a patterned oxide layer disposed between the
U-shaped grooves and at least partially from within a top
portion of the U-shaped grooves (see FIG. 12A).

[0083] At operation 1110, the processing equipment
applies a buflered oxide etch (BOE) to a surface of the wafer
for between 45-85 seconds, e.g., 60 seconds 1n one embodi-
ment.

[0084] At operation 1120, the processing equipment rinses
the wafer under flowing water for a rinsing period. In some
embodiments, the rising period 1s between 30 seconds and
two minutes, ¢.g., 1 minute 1n one embodiment.

[0085] At operation 1130, the processing equipment per-
forms sonication on the water for between 100-140 minutes,
e.g., two hours.

[0086] At operation 1140, the processing equipment rinses
the wafer under flowing water for the rinsing period.
[0087] FIG. 11B 1s a flow chart of a second series of
operations 1100B from removing the LT-AIN from the
c-GaN-grown strips according to at least one embodiment.
The operations 1100B can be performed using standard
semiconductor deposition and etching techniques, e.g., 1n
complementary metal-oxide-semiconductor (CMOS) pro-
cessing technology, as will be explained. In some embodi-
ments, therefore, at least some of the operations 1100B are
controlled by a controller or processing device that interacts
with CMOS processing equipment.

[0088] At operation 1150, the processing equipment again
applies the BOE to the surface of the waler for between
10-20 seconds, e.g., 15 seconds 1n one embodiment.
[0089] At operation 1160, the processing equipment rins-
ing the water under flowing water for the rinsing period.
[0090] At operation 1170, the processing equipment per-
forms sonication on the waler for between 25-55 minutes,
¢.g., 45 minutes 1n one embodiment.

[0091] At operation 1180, the processing equipment rinses
the wafer under flowing water for the rinsing period.

[0092] FIG. 12A 1s a cross-section view of a water 1200
having c-GaN-grown strips 819 after the LT-AIN has been at
least partially removed according to at least one embodi-
ment. In at least some embodiments, the water 1200
includes a buried substrate 804 and a first layer of silicon
(100) 806 disposed on the buried substrate that includes
silicon sidewalls (111) at an angle to the buried substrate 804
and that form a bottom of each of multiple U-shaped
grooves. A second layer of patterned oxide 810 1s disposed
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on the silicon (100) that provide vertical sidewalls 812 of
cach U-shaped groove and which are formed within the first
and second layers. In this embodiment, a third layer of a
bufler 1214 covers the silicon sidewalls (111) of the first
layer and the buried substrate 804 within the U-shaped
grooves and partially covers the second layer partway up the
vertical sidewalls. In these embodiments, the third layer of
the bufler 1214 has been etched from the top of the patterned
oxide 810 as per the method 1100 of FIG. 11, such that bufler
layer 1s at least partially etched down the vertical sidewalls
812 of the U-shaped grooves.

[0093] With continued reference to FIG. 12A, 1n at least
some embodiments, multiple gallium nitride (GalN)-based
structures 815 are disposed within the multiple U-shaped
grooves, the multiple GaN-based structures 815 each includ-
ing cubic gallium nitride (c-GaN) 819 formed at merged
growth fronts of hexagonal galltum mitride (h-GaN) 817 that
extend from the silicon sidewalls (111). In some embodi-
ments, this c-GaN 819 are c-GaN-grown strips 819, as
illustrated. In some embodiments, a facet density of the
c-GaN is between approximately 3-4x10* per centimeter.
[0094] FIG. 12B 1s an SEM 1mage of a cross-section view
of the watfer 1200 of FIG. 12A according to at least one
embodiment. FIG. 12C 1s an SEM 1mage of a top view of the
waler 1200 of FIG. 12A according to at least one embodi-
ment. In FIGS. 12B-12C, the GaN-based structures 815 are
strips with the patterned oxide 810 1illustrated as being
exposed, via etching, between the GaN-based structures
815.

[0095] FIG. 13A 1s a flow chart of a first series of

operations 1300A for removing LT-AIN and patterned oxide
formed between the multiple c-GaN-grown strips according
to at least one embodiment. The operations 1300A can be
performed using standard semiconductor deposition and
ctching techniques, e.g., 1n complementary metal-oxide-
semiconductor (CMOS) processing technology, as will be
explained. In some embodiments, therefore, at least some of
the operations 1300A are controlled by a controller or
processing device that interacts with CMOS processing
equipment.

[0096] The operations 1300A may begin with a wafer
having multiple U-shaped grooves in which are grown
gallium-mitride (GaN)-based structures, the multiple
U-shaped grooves including a patterned oxide layer and a
bufler layer disposed on the patterned oxide layer. The
operations 1300A may designed to perform a wet etch of the
waler to selectively remove the patterned oxide layer 81
and the bufler layer 814 disposed on the patterned oxide
layer (see FIG. 14A).

[0097] At operation 1305, the processing equipment
applies a bullered oxide etch (BOE) to a surface of the wafer
for between 7-13 minutes, e.g., 10 minutes 1 one embodi-
ment.

[0098] At operation 1310, the processing equipment rinses
the waler under flowing water for a rinsing period. In some
embodiments, the rising period 1s between 30 seconds and
two minutes, ¢.g., 1 minute 1n one embodiment.

[0099] At operation 1315, the processing equipment per-
forms sonication on the water for between 120-150 minutes,
¢.g., 135 minutes 1n one embodiment.

[0100] Atoperation 1320, the processing equipment rinses
the waler under flowing water for the rinsing period.

[0101] FIG. 13B 1s a flow chart of a second series of
operations 1300B for removing LT-AIN and patterned oxide
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formed between the multiple c-GaN-grown strips according
to at least one embodiment. The operations 1300B can be
performed using standard semiconductor deposition and
ctching techniques, e.g., 1n complementary metal-oxide-
semiconductor (CMOS) processing technology, as will be
explained. In some embodiments, therefore, at least some of
the operations 1300B are controlled by a controller or
processing device that interacts with CMOS processing
equipment.

[0102] At operation 1325, the processing equipment again
applies the BOE to the surface of the water for between 3-6
minutes, e.g., five minutes in one embodiment.

[0103] At operation 1330, the processing equipment again
rinses the watfer under flowing water for the rinsing period.

[0104] At operation 1335, the processing equipment again
performs sonication on the water for between 10-20 min-
utes, e.g., 15 minutes 1n one embodiment.

[0105] At operation 1340, the processing equipment again
rinses the watfer under tlowing water for the rinsing period.

[0106] FIG. 13C 1s a flow chart of a third series of
operations 1300C for removing LT-AIN and patterned oxide
formed between the multiple c-GaN-grown strips according
to at least one embodiment. The operations 1300C can be
performed using standard semiconductor deposition and
ctching techniques, e.g., 1n complementary metal-oxide-
semiconductor (CMOS) processing technology, as will be
explained. In some embodiments, therefore, at least some of
the operations 1300C are controlled by a controller or
processing device that interacts with CMOS processing
equipment.

[0107] At operation 1345, the processing equipment again
applies the BOE to the surface of the waler for between
30-80 seconds, e.g., for one minute in one embodiment.

[0108] At operation 1350, the processing equipment again
rinses the watfer under tlowing water for the rinsing period.

[0109] FIG. 14A 1s a cross-section view of a water 1400
having several of the c-GalN-grown strips 813 after removal
of the LT-AIN and patterned oxide according to FIGS.
13A-13C according to at least one embodiment. In at least
some embodiments, the wafer 1400 includes the buried
substrate 804 and the layer of silicon (100) 806 disposed on
the buried substrate and forming multiple U-shaped grooves,
where each U-shaped groove includes a bottom portion and
silicon sidewalls (111) at an angle to the buried substrate
804. In this embodiment, a bufler layer 1414 1s disposed
within the multiple U-shaped grooves. In at least some
embodiment, multiple galllum mitride (GalN)-based struc-
tures 815 having vertical sidewalls are disposed within and
protrude above the multiple U-shaped grooves. The multiple
(GaN-based structures 815 each include cubic gallium nitride
(c-GaN) 819 formed at merged growth fronts of hexagonal
gallium mitride (h-GaN) 817 that extend from the silicon
sidewalls (111).

[0110] In these embodiment, the patterned oxide 810 and
the buller layer 1414 covering the patterned oxide 810 are
ctched away as discussed with reference to FIGS. 13A-13C,
leaving behind the etched buried substrate 804, layer of
silicon (100) 806, and a small portion of LT-AIN (e.g., of the
bufler layer 1415) left on top of these other layers. It 1s
within this remainder of the U-shaped groves that the now
much taller GaN-based structures 815 are disposed. In some
embodiments, a facet density of the c-GaN 1s between
approximately 3-4x10* per centimeter.
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[0111] In some embodiments, the buried substrate 804 1s
one of silicon, a silicon-based oxide, or a dielectric. In at
least some embodiments, the vertical sidewalls of the mul-
tiple GaN-based structures extend more than twice a height

of the U-shaped grooves above the layer of silicon (100)
806.

[0112] FIG. 14B 1s an SEM 1mage of a cross-section view
of the wafer 1400 of FIG. 14A according to at least one
embodiment. FIG. 14C 1s an SEM 1mage of a top view of the
waler 1400 of FIG. 14A according to at least one embodi-
ment. In FIGS. 14B-14C, the GaN-based structures 815 are
strips with the layer of silicon (100) 806 illustrated as being

exposed, via etching, between the GalN-based structures
815.

[0113] FIG. 15A 1s a first set of operations 1500A {for
removing LT-AIN, patterned oxide, and h-GaN from the
c-GalN-grown strip layers according to at least one embodi-
ment. The operations 1500A can be performed using stan-
dard semiconductor deposition and etching techniques, e.g.,
in complementary metal-oxide-semiconductor (CMOS) pro-
cessing technology, as will be explained. In some embodi-
ments, therefore, at least some of the operations 1500A are
controlled by a controller or processing device that interacts
with CMOS processing equipment.

[0114] The operations 1500A may begin with a wafer
having multiple U-shaped grooves in which are grown
gallium-nitride (GalN)-based structures, the multiple
U-shaped grooves including the patterned oxide layer 810
and the bufler layer 814 disposed on the patterned oxide
layer. In these embodiments, each GaN-based structure
includes cubic GaN (c¢c-GaN) formed at merged growth
fronts of hexagonal GaN (h-GaN) that extend from silicon
sidewalls (111) of a bottom of each U-shaped groove. The
operations 1500A may designed to perform a wet etch of the
waler to selectively remove the patterned oxide layer 810,
the bufler layer 814 (e.g., LT-AIN), disposed on the pat-
terned oxide layer, and sidewall portions of the h-GaN (see
FIG. 16A). Further, 1n performing the wet etch to selectively
remove the sidewall portions of the h-GaN, the c¢-GaN 1s
substantially preserved

[0115] At operation 1510, the processing equipment
applies a bullered oxide etch (BOE) to a surface of the wafer
for between 17-23 minutes, e.g., 20 minutes in one embodi-
ment.

[0116] At operation 1520, the processing equipment rinses
the water under flowing water for a rinsing period. In some
embodiments, the rising period 1s between 30 seconds and
two minutes, e.g., 1 minute 1n one embodiment.

[0117] At operation 1330, the processing equipment per-
forms sonication on the water for between 45-75 minutes,
¢.g., one hour 1n one embodiment.

[0118] At operation 1540, the processing equipment rinses
the waler under flowing water for the rinsing period.

[0119] FIG. 15B 1s a second set of operations 1500B for
removing LT-AIN, patterned oxide, and h-GaN from the
c-GaN-grown strip layers according to at least one embodi-
ment. The operations 15008 can be performed using stan-
dard semiconductor deposition and etching techniques, e.g.,
in complementary metal-oxide-semiconductor (CMOS) pro-
cessing technology, as will be explained. In some embodi-
ments, therefore, at least some of the operations 15008 are
controlled by a controller or processing device that interacts
with CMOS processing equipment.
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[0120] At operation 1550, the processing equipment again
applies the BOE to the surface of the water for between 7-13
minutes, €.g., 10 minutes 1n one embodiment.

[0121] At operation 1560, the processing equipment again
rinses the waler under tlowing water for the rinsing period.
[0122] At operation 1570, the processing equipment again
performs sonication on the water for between 10-20 min-
utes.

[0123] At operation 1580, the processing equipment again
rinses the watfer under tlowing water for the rinsing period.

[0124] FIG. 16A 1s a cross-section view of a water 1600
having several of the c-GaN-grown strips after removal of
the LT-AIN, patterned oxide, and h-GaN according to FIGS.
15A-15B according to at least one embodiment. a buried
substrate. In at least some embodiments, the wafer 1600
includes the buried substrate 804 and the layer of silicon
(100) 806 disposed on the buried substrate 804 and forming
multiple U-shaped grooves. In these embodiments, each
U-shaped groove includes a bottom portion and silicon
sidewalls (111) at an angle to the buried substrate 804. In
these embodiments, a bufler layer 1614 1s disposed on top of
the layer of sﬂlcon 806 within the multiple U-shaped
grooves as well as on the exposed buried substrate 804. In
these embodiments, multiple gallium nitride (GaN)-based
structures 1615 having vertical sidewalls are disposed within
and protruding above the U-shaped grooves.

[0125] In at least some embodiments, the multiple GalN-
based structures 16135 each include cubic gallium nitride
(c-GaN) 819 formed at merged growth fronts of hexagonal
gallium mitride (h-GaN) 817 that extend from the silicon
sidewalls (111), where at least sidewall portions of the
h-GaN 1617 of the multiple GaN-based structures 1615 are
wet-etched. Thus, 1n some embodiments, the sidewalls of the
h-GaN of each GaN-based structure 1s curved from being
wet-etched. Also, 1n some embodiments, the vertical side-
walls of the multiple GaN-based structures 1615 extend
more than twice a height of the U-shaped grooves above the
layer of silicon. In some embodiments, a facet density of the
c-GaN is between approximately 3-4x10” per centimeter.

[0126] FIG. 16B i1s an SEM image of a cross-section view
of the water of FIG. 16 A according to at least one embodi-
ment. FIG. 16C 1s an SEM 1mage of a top view of the waler
of FIG. 16A according to at least one embodiment. In FIGS.
14B-14C, the GaN-based structures 1613 are strips with the
layer of silicon (100) 806 1illustrated as being exposed, via
ctching, between the GaN-based structures 1615. Further,
the vertical sidewalls of the h-GaN are no longer vertical,
having been wet etched, and thus become at least partially
concaved.

[0127] Normally, due to a wide bandgap and more cova-
lent bonds, gallium nitride (GaN) does not have a wet
ctchant that 1s capable of performing wet etching on the
(GaN. In the disclosed embodiments, however, due to the
CMOS-caused oxidation of the h-GaN surface areas, the
h-GaN has its conductivity changed (e.g., increased resis-
tivity by around 18-22% or more) and 1s made wet-etchable
while the c-GaN layers (or c-GaN strips) are substantially
preserved during the wet etching. As discussed with refer-
ence to operation 550 of method 500 (FIG. 5), the h-GaN
layers can be made or become wet-etchable by controlling
the increasing of the temperature of the MOCVD reactor (at
operation 525) during the GaN epitaxial growth such that the
h-GaN 1s oxidized by the oxide layer 410, making the h-GaN

wet-etchable.
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[0128] While other wet etchants are envisioned, BOE 1s
the wet etchant used 1n the disclosed prototypes of GaN-
based structures discussed herein. The advantages of per-
forming such wet etching to remove at least a portion of the
h-GalN sidewalls of these GaN-based structures include
removing parasitic growth from the LT-AIN bufler layers
and ensuring that the sidewalls of the U-shaped grooves are
cleaned of such parasitic growth.

TABLE 1

Sample Details IQE
Previous World Record Approach, ACS Photornics, 29%
5(3), 955-963 (2018).

As-grown (FIG. 8A) 26%
Buffer Layer Removed (FIG. 12A) 24%
Buffer Layer, Oxide Layer Removed (FIG. 14A) 24%
Buffer Layer, Oxide Layer, and h-GaN Removed (FIG. 16A) 32%
[0129] Table 1 lists values of Internal Quantum Efliciency

(IQE) for the GaN-based structures depending on method of
manufacturing as discussed here, compared with Applicant’s
approach. While all approaches beat the previous world
record approach, the sample that also includes removal of
some of the h-GaN vertical sidewalls has a marked improve-
ment 1n IQE due to removal of parasitic growth just dis-
cussed.

[0130] Internal quantum efliciency (IQE) (m,) 1s defined as
the ratio of the number of electron-hole (e-h) pairs or charge
carriers generated to the number of photons absorbed, within
the active layer(s) of the device. It 1s also called the quantum
yield and accounts for the recombination loss. Typically, for
a superior quality material with low dislocation density and
defects, IQE could be close to 100% 11 absorption due to free
carriers 1s negligible.

[0131] FIG. 17A 15 a plan-view TEM 1mage of a top view
of multiple c-GaN-grown strips as discussed herein 1llus-
trating that the c-GalN-grown strips are substantially free of
threading dislocations and that has stacking faults with a
densﬂy of approximately 3.3+/-0.2x10* per cm, according
to various embodiments. FIG. 17B 1s a plan—wew TE
image ol a zoom-in, boxed portion of the top view of FIG.
17A according to at least one embodiment. FIG. 17C 1s a
plan-view TEM 1mage of a zoomed-in, boxed portion of the
top view of FIG. 17B according to at least one embodiment.
[0132] Samples were sent to a EAG Laboratories, a met-
allurgy company that measures defect densities 1n various
materials. The results of measurement was that there were
no detectable threading or other dislocations 1n the c-GaN-
grown strips. The company only found vertical stacking
faults that are that have a density of approximately 3.4+/—
0.2x10% per cm, which is the lowest ever reported in cubic
GaN materials. Stacking faults occur when a portion of
material have atoms that are inconsistently stacked with
reference to the rest (or another portion) of the material. As
can be observed 1in FIGS. 17A-17C, the vertically-aligned
stacking faults are generally parallel to each other. The
stacking faults appear as grooves on or near the top surface,
and go down a layer or two but generally not very far below
the surface.

[0133] FIG. 18 1s a SEM 1mage of a zoomed-1n portion of
a c-GalN-grown strip illustrated more particularly and that
has a facet density that 1s between approximately between
3-4x10% per cm according to at least one embodiment. In
disclosed embodiments, the facet density refers to a density
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of atomic-layer transitions within the same material, here
specifically the ¢c-GaN layer of strips. For context, a mea-

surement of 500 nm 1s illustrated on top of the plan-view
TEM 1mage.

[0134] FIG. 19 1s aperspective view of an LED stack 1900

formed from multiple GaN-based structures 1915 formed as
discussed herein according to at least one embodiment. For
example, the GaN-based structures can be any of the GalN-
based structures discussed with reference to the above
Figures that discussed the growth of c-GaN at the intersec-
tion of two h-GaN fronts that are epitaxially grown. In at
least some embodiments, the LED stack 1900 includes a
silicon layer 1906 (e.g., silicon (100)), a patterned oxide
1910 (such as S10,, for example) disposed on the silicon
layer 1906, the multiple GaN-based structures 1915 dis-
posed within the patterned oxide 1910, an n-type contact
1940 disposed over first ends of the multiple GaN-based
structures 1915, and a p-type contact 1950 disposed over
second ends of the multiple GaN-based structures 1920, to
thereby send current down the length of the multiple GaN-
based structures.

[0135] FIG. 20 1s a laser diode 2000 formed from at least
one GaN-based structure 2015 formed as discussed herein
according to at least one embodiment. In at least some
embodiments, the laser diode 2000 includes a buried sub-
strate 2004, a silicon layer 2006 disposed on the buried
substrate 2004, and the at least one GaN-based structure
2015 disposed on the silicon layer 2006 (and potentially also
disposed on the buried substrate 2004 as described herein).
The laser diode 2000 can further include one or more
guiding layers 2033 disposed on a portion of the c-GaNN strip
of the at least one GaN-based structure 2015 and an n-type
contact 2040 also disposed on the c-GaN strip and spaced
from the one or more guiding layers 2035. The laser diode
2000 can further include a p-type contact 2050 disposed on
the one or more guiding layers 2035, to generate current
with the n-type contact 2040 through the c-GaN strip of the
at least one GalN-based structure 2015.

[0136] The above-disclosed subject matter 1s to be con-
sidered 1llustrative, and not restrictive, and the appended
claims are 1intended to cover all such modifications,
enhancements, and other embodiments, which fall within the
true spirit and scope of the present disclosure. Thus, to the
maximum extent allowed by law, the scope of the present
embodiments are to be determined by the broadest permis-
sible mnterpretation of the following claims and their equiva-
lents, and shall not be restricted or limited by the foregoing
detailed description. While various embodiments have been
described, it will be apparent to those of ordinary skill 1n the
art that many more embodiments and implementations are
possible within the scope of the above detailed description.
Accordingly, the embodiments are not to be restricted except
in light of the attached claims and their equivalents, now
presented or presented in a subsequent application claiming,
priority to this application.

What 1s claimed 1s:

1. A method comprising:

providing a waler comprising multiple U-shaped grooves
in which are grown gallium-mitride (GalN)-based struc-
tures, the multiple U-shaped grooves including a pat-
terned oxide layer and a bufler layer disposed on the
patterned oxide layer; and
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performing a wet etch of the water to selectively remove
the patterned oxide layer and the bufler layer disposed
on the patterned oxide layer, wherein performing the
wet etch comprises:
applying a buflered oxide etch (BOE) to a surface of the
wafer for between 7-13 minutes:

rinsing the water under flowing water for a rinsing
period;

performing sonication on the water for between 120-
150 minutes; and

rinsing the water under flowing water for the rinsing
period.

2. The method of claim 1, wherein performing the wet
ctch further comprises:

again applying the BOE to the surface of the water for
between 3-6 minutes;

rinsing the waler under flowing water for the rinsing
period;

performing sonication on the waler for between 10-20
minutes; and

rinsing the water under flowing water for the rinsing
period.

3. The method of claim 2, wherein performing the wet

ctch further comprises:

again applying the BOE to the surface of the water for
between 30-80 seconds; and

rinsing the wafler under flowing water for the rinsing
period.

4. The method of claim 1, whereimn the patterned oxide
layer comprises one of silicon dioxide or silicon nitride
oxide, and wherein the bufller layer comprises one of alu-
minum nitride and aluminum silicide.

5. A waler comprising;

a buried substrate;

a layer of silicon (100) disposed on the buried substrate
and forming multiple U-shaped grooves, wherein each
U-shaped groove comprises a bottom portion and sili-
con sidewalls (111) at an angle to the buried substrate;

a bufler layer disposed within the multiple U-shaped
grooves; and

multiple galllum nitride (GaN)-based structures having
vertical sidewalls disposed within and protruding
above the multiple U-shaped grooves, the multiple
(GalN-based structures each including cubic gallium
nitride (c-GalN) formed at merged growth fronts of
hexagonal gallium nitride (h-GalN) that extend from the
silicon sidewalls (111).

6. The water of claim 5, wherein the buried substrate 1s

one of silicon, a silicon-based oxide, or a dielectric.

7. The water of claim 5, wherein the vertical sidewalls of
the multiple GaN-based structures extend more than twice a
height of the U-shaped grooves above the layer of silicon.

8. The wafer of claim S5, wherein an upper layer of the
c-GaNN:
1s parallel to the layer of silicon;
1s iree of threading dislocations; and
comprises one or more stacking faults.
9. The wafer of claim 5, wherein a facet density of the
c-GaN is between approximately 3-4x10* per centimeter.
10. A method comprising:
providing a waler comprising multiple U-shaped grooves
in which are grown gallium-mitride (GalN)-based struc-
tures, the multiple U-shaped grooves including a pat-
terned oxide layer and a bufler layer disposed on the
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patterned oxide layer, wherein each GaN-based struc-

ture mncludes cubic GaN (c-GaN) formed at merged

growth fronts of hexagonal GaN (h-GaN) that extend

from silicon sidewalls (111) of a bottom of each

U-shaped groove; and

performing a wet etch of the water to selectively remove

the patterned oxide layer, the bufler layer disposed on

the patterned oxide layer, and sidewall portions of the

h-GaN, wherein performing the wet etch comprises:

applying a builered oxide etch (BOE) to a surface of the
wafer for between 17-23 minutes:

rinsing the wafer under flowing water for a rinsing
period;

performing sonication on the watfer for between 45-75
minutes; and

rinsing the water under flowing water for the rinsing
period.

11. The method of claim 10, wherein performing the wet
etch further comprises:

again applying the BOE to the surface of the watfer for

between 7-13 minutes:

rinsing the wafer under flowing water for the rinsing

period;

performing sonication on the water for between 10-20

minutes; and

rinsing the water under flowing water for the rinsing

period.

12. The method of claim 10, wherein, 1n performing the
wet etch to selectively remove the sidewall portions of the
h-GaN, the c-GaNN 1s substantially preserved.

13. The method of claim 10, wherein the patterned oxide
layer comprises one of silicon dioxide or silicon nitride
oxide, and wherein the bufler layer comprises one of alu-
minum nitride and aluminum silicide.
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14. A waler comprising:
a buried substrate;

a layer of silicon (100) disposed on the buried substrate
and forming multiple U-shaped grooves, wherein each
U-shaped groove comprises a bottom portion and sili-
con sidewalls (111) at an angle to the burnied substrate;

a buller layer disposed on top of the layer of silicon within
the multiple U-shaped grooves; and

multiple galllum nitride (GaN)-based structures having
vertical sidewalls disposed within and protruding
above the U-shaped grooves, the multiple GaN-based
structures each including cubic gallium nitride (c-GaN)
formed at merged growth fronts of hexagonal gallium
nitride (h-GaN) that extend from the silicon sidewalls
(111), wherein at least sidewall portions of the h-GaN
of the multiple GaN-based structures are wet-etched.

15. The water of claim 14, wherein the sidewalls of the
h-GaN of each GaN-based structure 1s curved from being
wet-etched.

16. The water of claim 14, wherein the buried substrate 1s
one of silicon, a silicon-based oxide, or a dielectric.

17. The water of claim 14, wherein the vertical sidewalls
of the multiple GaN-based structures extend more than twice
a height of the U-shaped grooves above the layer of silicon.

18. The water of claim 14, wherein an upper layer of the
c-GalN:

1s parallel to the layer of silicon;

1s Iree of threading dislocations; and

comprises one or more stacking faults.

19. The water of claim 14, wherein a facet density of the
c-GaN is between approximately 3-4x10”* per centimeter.

G o e = x
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